Kidney stone disease remains a major health and economic burden on the nation. It has been increasingly recognized that nephrolithiasis can be both a chronic or systemic illness. There have been major limitations in the development of new drugs for the prevention and management of this disease, largely due to our lack of understanding of the complex pathophysiologic mechanisms involving the interaction of three major target organs: the kidney, bone, and intestine. We also do not yet understand the molecular genetic basis of this polygenic disorder. These limitations are coupled with the incorrect perception that kidney stone disease is solely an acute illness, and the lack of reliable tests to assess outcome measures. All of these factors combined have diminished the willingness of the pharmaceutical industry to engage in the development of novel drugs.
Chronic Disease
Nephrolithiasis has been shown to be a chronic disease because its cumulative recurrence rate progressively increases from the onset of acute stone passage and approaches 50% over 10 years. Given the chronicity of this illness, long-term pharmacological treatment is necessary to reduce stone recurrence in this population. Most drugs applied in the treatment of kidney stones have been in use for many years. Since the advent of potassium citrate treatment, [19] [20] no new drug has been developed. Studies using potassium-magnesium citrate have shown its efficacy against recurrent calcium oxalate nephrolithiasis [21] [22] [23] However, this drug has not yet been marketed.
Alkali Treatment
Three separate randomized trials conducted in the 1990s examining the effect of potassium alkali in recurrent calcium oxalate nephrolithiasis showed a significant decrease in stone recurrence 20, 21, 24 These studies encompassed a total of 231 subjects with recurrent hypocitraturia calcium nephrolithiasis who were treated with potassium alkali, 30 mEq to 60 mEq/d for a duration ranging between 12 and 36 months. However, a similar fourth study did not show superiority of potassium alkali over the placebo treatment. 25 This study was conducted in a total of 50 hypocitraturia calcium nephrolithiasis patients treated with 90 mEq potassium alkali per day over the course of 3 years. The reported lack of efficacy of potassium alkali treatment in this investigation was, in part, attributed to the small size of the study population (Fig 2) .
Thiazide Diuretics
Calcium oxalate is the most prevalent type of kidney stone disease in the United States and has been shown to occur in 70% to 80% of the kidney stone population. 26 The effects of thiazide diuretics on recurrent calcium nephrolithiasis have been studied in 6 randomized trials. Four of these studies, conducted in a total of 408 patients over a duration of 26 to 36 months, showed a significant decrease in recurrent kidney stones with thiazides and their analog indapamide [27] [28] [29] [30] [31] (Fig 2) . Conversely, no difference was noted between thiazide treatment and the placebo in 2 of these trials. 32, 33 Three of these studies alluded to high dietary fluid intake to ensure sufficient urinary volume. 27, 28, 30 However, 2 studies did not indicate whether patients were instructed to maintain a high urinary volume through sufficient fluid intake. 29, 32 In 2 studies, an index of obesity was calculated by dividing weight in pounds by the square of height. 27, 30 The remaining studies made no indication of the influence of body weight or obesity.
In addition, a widely quoted study involving thiazide diuretics in patients with recurrent calcium nephrolithiasis determined chlorthalidone to be significantly superior to both magnesium treatment and placebo. 27 However, only 28.5% of this total study population had hypercalciuria. It appears that the successful response to this treatment also occurred in calcium stone formers without hypercalciuria. Therefore, because this study was performed over 36 months, it is logical to conclude that the reported effectiveness against stone recurrence could not be attributed to regression to the mean or stone clinic effect. In general clinical practice, however, thiazide diuretics are typically only prescribed for those with hypercalciuric calcium nephrolithiasis.
In most of the thiazide trials, both symptomatic and clinical stone passage rates were used to determine kidney stone recurrence. Because most of these studies were performed in the 1980s and 1990s, clinical stone passage rate was determined by routine x-ray procedures including kidney-ureter-bladder, intravenous pyelography, and tomography. The appearance of new calculus or the enlargements of preexisting calculi were considered as new stones. In symptomatic patients, new stone passage was verified, and any surgical procedure for stone removal was also considered as a new stone. To exclude stone clinic effect, a grace period of several months was used to mark the washout period.
Allopurinol
Hyperuricosuria is detected in 15% to 20% of patients with calcium nephrolithiasis. 34 The first double-blind study showing the efficacy of allopurinol was conducted over 20 years ago. In this study, 60 patients with hyperuricosuria and normocalciuria received either the placebo or allopurinol, 100 mg, 3 times a day for 39 months. Compared with the placebo, allopurinol treatment significantly reduced new calcium oxalate stone incidence and also prolonged the time between new stone recurrences. The findings of this study have not been challenged by new controlled studies. To date, this treatment has largely been safe with the only severe side effect being the possible increased risk of allergic reactions when used in combination with thiazide diuretics 36 (Fig 2) .
The Risk-Benefit Ratio of Pharmacologic Treatment
The risk-benefit ratio of pharmacologic interventions with thiazide diuretics and alkali treatment in the kidney stone-forming population has not been fully investigated. However, alkali treatment has been shown to be relatively free of side effects with only minor gastrointestinal complaints. The main concern with this treatment is its overuse, which may increase the propensity for calcium phosphate stone formation. Because thiazide diuretics may have harmful effects extending beyond their efficacy against kidney stone formation, it remains unclear whether its risks may outweigh its benefits.
In a recent retrospective meta-analysis of all clinical trials conducted between 1966 and 2004 in thiazide-treated populations, an inverse relationship was shown between changes in serum glucose and potassium concentrations. 37 The result of this study was also supported by The Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial in which a 4-year incidence of new-onset diabetes mellitus was shown to be significantly higher with chlorthalidone compared with amlodipine or lisinopril treatments. 38 Although the association between thiazide use and glucose intolerance has been known for many years, 39, 40 the exact pathophysiologic mechanism is not well known. One possibility may be that low serum potassium concentrations may cause a decrease in insulin secretion. 41 . As of yet, no prospective studies have shown a causal relationship between serum potassium concentrations and the development of diabetes mellitus in the general thiazide-treated population and, more specifically, in thiazide-treated kidney stone patients. This is important because a relationship between type 2 diabetes mellitus and the risk of kidney stone disease has been shown in 3 separate longitudinal studies. 43 
Systemic Disorder
It has become more apparent that nephrolithiasis may be a systemic illness. Several prospective epidemiologic studies have shown that obesity and weight gain increase the risk of kidney stone disease 43, 44 In addition, 2 studies conducted in a kidney stone population and in normal subjects showed an inverse relationship between urinary pH and body weight and also a progressive decrease in urinary pH with additional features of the metabolic syndrome. 45, 46 However, the pathophysiologic link between obesity, insulin resistance, and calcium stone formation has not yet been established. A direct physiological relationship between insulin sensitivity and urinary pH has been shown in a carefully conducted metabolic study using the hyperinsulinemic euglycemic clamp procedure. 47 The result of this study has a major clinical impact on the future development of novel drugs targeting insulin resistance.
Limitations of Drug Development
There are several obstacles to overcome in the development of novel agents for the treatment of nephrolithiasis. These limitations can be divided into 2 different categories: (1) the incorrect perception that kidney stone disease is a self-limiting local disorder without consideration for chronic, recurrent, and systemic illnesses and (2) an incomplete understanding of the pathophysiologic and molecular genetic basis of nephrolithiasis. The misconception that kidney stone disease is a self-limiting disorder hinders nephrologists and urologists in the prevention of recurrent kidney stone disease, indirectly impeding the development of new drugs. Additionally, the field is deficient in new agent testing because of the lack of availability of concisely measured outcomes. Although the stone events appear to be ideal for an outcome measure, it is cumbersome because it requires a long-term follow up because the median time for recurrence after the first event is approximately 5 years. This misconception, coupled with poor patient compliance, results in a lack of interest from the pharmaceutical industry in the development of a novel drug because of its perceived low profitability. Moreover, testing new agents requires a surrogate marker other than a stone event. These markers may include the use of spiral computed tomography scans for the detection of small and large stones. To date, computer-based approaches have been used in kidney stone risk assessment but are becoming increasingly recognized as having major flaws.
Second, the pathophysiologic mechanisms and molecular genetic basis of nephrolithiasis are diverse and complex. They involve a multi-faceted physiologic interaction of 3 major organs participating in calcium homeostasis: the bone, intestine, and kidney. The molecular genetic pathways of nephrolithiasis have not been fully elucidated largely because this illness appears to be a polygenic trait. Moreover, there has been limited success [49] [50] [51] [52] [53] in the establishment of accepted animal models that recapitulate the human disease to further explore kidney stone pathophysiology and response to treatment.
Future Innovative Therapies
In the past 10 to 15 years, there have been significant advances in our understanding of the epithelial cell transport of calcium and oxalate, 54,55 the role of insulin resistance, [45] [46] [47] 56, 57 and the link between renal lipotoxicity and the development of uric acid nephrolithiasis. We have also witnessed a major progression in the field by defining the role of interstitial plaque formation as a precursor to calcium oxalate nephrolithiasis. 58, 59 Epithelial Cell Regulation of Calcium Transport Renal and intestinal transcellular calcium absorption plays a key role in calcium homeostasis. The rate-limiting step in transcellular calcium transport across the apical membrane of the epithelial cell is tightly controlled by 2 members of the transient receptor potential (TRP) superfamily, TRPV5 and TRPV6. 55 TRPV5 primarily controls renal epithelial calcium transport, and TPRV6 is the main gatekeeper in the small intestine. 61 Future drug development can be targeted at the intestinal tract gatekeeper, TRPV6, if concurrent intervention is available to offset the development of negative calcium balances. Conversely, novel drugs may be developed to upregulate TRPV5 in the renal epithelial cell to enhance renal tubular calcium reabsorption. The development of such targeted treatments specific to the kidney may be a difficult task to achieve.
Epithelial Cell Regulation of Oxalate
Hyperoxaluria is a condition commonly encountered in kidney stone formers. [62] [63] [64] The metabolic cascade leading to hyperoxaluria may be classified into increased oxalate production, increased dietary oxalate intake, or enhanced intestinal oxalate absorption. Our knowledge of intestinal oxalate absorption has recently advanced with a study defining the role of Oxalobacter formingenes (OF) 64, 65 and another study outlining the significant role of putative anion transporter Slc25a6. 66 OF is a gram-negative obligate anaerobe microorganism that principally uses oxalate as a main source of energy for cellular biosynthesis 67 It has been shown that OF colonization is significantly lower in patients with recurrent calcium oxalate stone formation. 68 Despite this finding, as of yet, OF colonization has not been shown to be associated with changes in urinary oxalate levels. 68 The existence of this bacterium can be used as a potential tool in the treatment of hyperoxaluria. One study in human subjects with type 1 primary hyperoxaluria has shown a reduction in urinary oxalate after the oral administration of OF. 65 One conclusion that can be drawn from this study is that OF, by degrading intestinal oxalate content, will stimulate luminal oxalate secretion, thereby lowering urinary oxalate excretion. One limitation of this approach is the short lifespan of OF on the complete utilization of its principal nutrient source, oxalate. In the future, this may be overcome by the development of recombinant enzymes or by the introduction of engineered bacteria which are not solely dependant on oxalate (Table 1 ).
It has recently been shown that the putative ion exchange transporter coded by gene Slc26a6 plays a role in intestinal oxalate transport. 69 This transporter is expressed in the luminal portion of various segments of the small intestine and large bowel, which facilitates oxalate secretion into the bowel lumen, thereby regulating the net intestinal oxalate absorption. 70 A study using Slc26a6-null mice on controlled oxalate diets reported high urinary oxalate excretion associated with increased plasma oxalate concentration and diminished fecal oxalate excretion. 54 Because the differences in urinary oxalate excretion was shown to be abrogated after restricted dietary oxalate in Slc26a6-null mice, this study suggests the potential role of diminished intestinal oxalate secretion in the development of elevated urinary oxalate excretion. For the first time, this study highlights the significance of this transporter in urinary oxalate excretion. From this novel study, one may surmise that future drugs up-regulating intestinal luminal oxalate secretion may be developed. Such drugs will target the Slc26a6 putative anion transporter activity.
Additional tools controlling intestinal oxalate absorption may also involve the development of agents that enhance intestinal luminal oxalate complexation. One such drug, a polymeric positively charged drug, chitosan, has been tested. However, it has not been shown to be effective in lowering urinary oxalate excretion. 71 
The Role of Insulin Resistance and Renal Lipotoxicity in Uric Acid Nephrolithiasis
The association between obesity and insulin resistance and its link to the pathogenesis of uric acid stone formation have been studied in patients with uric acid nephrolithiasis. 46, 47, 56, 57, 72 It has been suggested that the disturbance in caloric intake and caloric utilization may lead to the deposition of fat in tissues other than adipocytes. This process has been termed tissue lipotoxicity. There is a potential role of renal lipotoxicity in the development of acidic urine, the main culprit in the formation of uric acid nephrolithiasis. 56 Magnetic resonance imaging has shown evidence of fat accumulation in skeletal muscle, liver tissue, and cardiac muscle and its reversal with insulin-sensitizing drugs. [73] [74] [75] Currently, a double-blind study in Dallas is underway in patients with uric acid nephrolithiasis to explore the presence of fat in the renal cortex and its response to the insulin-sensitizing drug pioglitazone. As of yet, there is only 1 animal model found to recapitulate the main pathophysiologic defects found in human uric acid nephrolithiasis, the Zucker diabetic fatty rat. 76 Similar to humans with uric acid stone disease, this animal model presents low urinary pH, impaired urinary ammonium excretion, and increased urinary titratable acid excretion. 76 These abnormalities have been shown to reverse after the administration of insulin-sensitizing drugs such as thiazolidinediones, which are Food and Drug Administration approved for the treatment of type 2 diabetes. However, unlike patients with uric acid stone disease, this animal model lacks the formation of uric acid crystals and consequent uric acid stones. This is because of the presence of uricase, which poorly converts soluble uric acid into soluble allantoin. At the present time, oral alkali treatment remains the principal agent for the treatment of uric acid nephrolithiasis.
Interstitial Papillary Plaque
Dr Alexander Randall first suggested that interstitial calcium phosphate deposits, referred to as plaques, are the initial sites that harbor urinary crystals beneath the uroepithelial cells of the renal papilla. 77 This important finding was performed in cadaveric kidney specimens and has been widely disputed because it was not tested in a targeted kidney stone-forming population. Recent developments of modern techniques visualizing Randall's plaque in vivo have shown that Randall's plaque occurs more frequently in patients with kidney stones compared with nonstone formers undergoing endoscopic evaluation. 78 
Conclusion
Our knowledge of the pathogenic cascades and molecular genetic basis leading to nephrolithiasis has changed significantly over the past decade. In the future, we should use this knowledge to formulate a novel method for the diagnosis and management of nephrolithiasis. There are many questions to be answered and barriers to overcome before such an approach will become reality. The gap in current trials on the management of kidney stone disease is wide. This is largely because of the availability of only a few longitudinal trials in a small number of patients with a short duration of treatment that was conducted over 2 to 3 decades ago. It is anticipated that this gap will gradually fill with the advances in our understanding of the pathophysiology and the genetic basis of kidney stone disease. This knowledge will be helpful in the design of long-term outcome trials of conventional treatments and, hopefully, new novel drugs that target the rectification of specific physiologic abnormalities. Randomized treatment trials for the prevention of recurrent calcium oxalate nephrolithiasis. (Adapted with permission from Coe et al. 31 )
